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Abstract 38

Swarmer cells of the gram---negative pathogenic bacteria Proteus mirabilis and Vibrio 39
parahaemolyticus become long (>10---100 µm) and multinucleate during their growth and 40 motility on polymer surfaces. We demonstrate increasing cell length is accompanied by 41 a large increase in flexibility. Using a microfluidic assay to measure single---cell 42 mechanics, we identified large differences in swarmer cell stiffness of (bending rigidity 43 of P. mirabilis, 9.6 x 10 ---22 N m 2 ; V. parahaemolyticus, 9.7 x 10 ---23 N m 2 ) compared to 44 vegetative cells (1.4 x 10 ---20 N m 2 and 3.2 x 10 ---22 N m 2 , respectively). The reduction in 45 bending rigidity (~3---15 fold) was accompanied by a decrease in the average 46 polysaccharide strand length of the peptidoglycan layer of the cell wall from 28---30 to 47 19---22 disaccharides. Atomic force microscopy revealed a reduction in P. mirabilis 48 peptidoglycan thickness from 1.5 nm (vegetative) to 1.0 nm (swarmer) and electron 49 cryotomography indicated changes in swarmer cell wall morphology. P. mirabilis and V. 50 parahaemolyticus swarmer cells became increasingly sensitive to osmotic pressure and 51 susceptible to cell wall---modifying antibiotics (compared to vegetative cells)-they were 52 ~3 0% more likely to die after 3 h of treatment with minimum inhibitory concentrations 53 of the β---lactams cephalexin and penicillin G. Long, flexible swarmer cells enables these 54 pathogenic bacteria to form multicellular structures and promotes community motility. 55
The adaptive cost of swarming is offset by a fitness cost in which cells are more 56 susceptible to physical and chemical changes in their environment, thereby suggesting 57
Introduction 78
Bacteria have evolved a variety of mechanisms to adapt to their physical environment. 79
For example, in response to fluctuating environmental conditions, changes in 80 biochemistry and gene regulation can alter bacterial shape and increase cell fitness. Cell 81 filamentation is a commonly observed change in bacterial cell shape (1, 2) and has been 82 described as a mechanism that enables bacteria to evade predation by the innate 83 immune system during host infections (1). 84
In close proximity to surfaces, many bacteria alter their morphology and leverage 85
cell---cell physical contact to move collectively to access new sources of nutrients and 86 growth factors (3, 4). Referred to as 'swarming', this process is common among motile 87 bacteria, has been connected to bacterial pathogenesis and infections, and is an example 88 of adaptive behavior (3, 4). Swarmer cells of Salmonella enterica, Pseudomonas aeruginosa, 89
Serratia marcescens, and Bacillus subtilis have reduced susceptibility-compared to 90
vegetative cells-to a variety of antibiotics that target protein translation, DNA 91 transcription, and the bacterial cell membrane and cell wall (5---8). The specific 92 biochemical and biophysical mechanisms underlying these observations are unknown. 93
Here, we describe physical changes in swarmer cells of the gram---negative 94 pathogenic bacteria Proteus mirabilis and Vibrio parahaemolyticus that increase their 95 susceptibility to cell wall---targeting clinical antibiotics. We found that large changes in 96 the length of P. mirabilis and V. parahaemolyticus swarmer cells are accompanied by an 97 increase in flexibility (i.e., a reduction in cell stiffness) that enables long cells to pack 98 together tightly and form cell---cell interactions; these interactions have been 99 demonstrated previously to promote surface motility (9). Using biophysical, 100 biochemical, and structural techniques, we quantified changes in the structure and 101 composition of the P. mirabilis and V. parahaemolyticus cell wall in swarmer and 102 vegetative cells and characterized their susceptibility to osmotic changes and cell wall---103 modifying antibiotics. Our results indicate that morphological changes that enable these 104 bacteria to adapt to new physical environments come at a significant fitness cost: cells 105 become more susceptible to changes in their chemical environment. These results 106 predict cell wall---modifying antibiotics should deter infections of P. mirabilis and V. 107 parahaemolyticus in which swarming is implicated (e.g., in urinary tract infections).
109
Results
110
The bending rigidity of P. mirabilis and V. parahaemolyticus cells decreases during 111 swarming. During surface motility, P. mirabilis and V. parahaemolyticus cells grow into 112 swarmers that are characteristically long (10---100 µm) and present a high surface density 113 of flagella that enables them to translate through viscous environments (3, 10). We 114 found that these swarmer cells display an unusual phenotype that is rarely observed 115 among gram---negative bacteria: cells become remarkably flexible and their shape is 116 dynamically altered by adjacent cell motion and collisions (Fig.  1) . The ability of P. 117 mirabilis swarmer cells to form cell---cell contacts plays a role in their cooperative motility 118 (10), leading us to hypothesize that increasing flexibility enables these long cells to 119 optimize packing into multicellular structures that move cooperatively across surfaces. 120
Bacterial cell mechanics is generally attributed to the peptidoglycan (PG) layer of the 121 cell wall, which has a thickness of ~3---50 nm and surrounds the cytoplasmic membrane 122 (11). Very little is known about mechanical regulation in bacteria (12---17) and we are 123 unaware of studies connecting swarming to changes in cell mechanics. We quantified 124 changes in swarmer---cell stiffness using cell---bending assays in a reloadable, 125 poly(dimethylsiloxane) microfluidic system ( Fig.  2  and  S1 ) that is related to a method 126 developed previously (18). In bending assays, we applied a shear fluid force to multiple 127 filamentous cells, resulting in horizontal deflection of their cell tips (Fig.  2) ; fitting the 128 deflection data to a mechanical model provided us with a value of the (flexural) 129 bending rigidity of cells (Fig.  S2) . Introducing a reloadable mechanism enabled us to 130 perform rapid bending measurements of P. mirabilis and V. parahaemolyticus swarmer 131 cells after isolating them from swarm plates. As a point of comparison, we filamented 132 vegetative cells of P. mirabilis and V. parahaemolyticus using aztreonam-an inhibitor of 133 the division specific transpeptidase PBP3-to match the length of swarmer cells and 134 compared their bending rigidity values to swarmer cells. As a control, we measured the 135 bending rigidity of cells of Escherichia coli strain MG1655 that we filamented using 136 aztreonam, and determined the value to be 9.7 x 10 ---23 N m 2 (Fig.  3) ; using a value for the 137 thickness of the PG of 4---nm (19) yields a Young's modulus of 26 MPa, which is close to 138 values that have been reported previously (12, 18). 139
We used bending rigidity as a parameter to quantify P. mirabilis and V. 140 parahaemolyticus cell stiffness rather than Young's modulus, as the latter metric of the 141 mechanical properties of materials is dependent on cell---wall thickness, which we 142 hypothesized may change during swarming (described below). We found a substantial 143 decrease in the bending rigidity of swarmer cells of both P. mirabilis (~15---fold) and V. 144 parahaemolyticus (3---fold) compared to their vegetative cell counterparts (Fig.  3) , which is 145 consistent with our observations of the shape and behavior of these cells during 146 swarming on surfaces. V. parahaemolyticus vegetative cells were remarkably flexible: 147 ~1
34---fold more so than E. coli cells and ~3---fold more than P. mirabilis swarmer cells (Fig.  148 3). 149
To confirm that using aztreonam to inhibit PBP3 and produce filamentous cells Table  S1 ). Similar to E. coli 186 (21) and P. mirabilis (22), V. parahaemolyticus has a PG structure that is conserved across 187
Compared to vegetative cells, P. mirabilis swarmer cells contained fewer 190 monomers (MurNAc---GlcNAc), more dimers, and more anhydrous---containing 191 saccharides, which are found at the terminating end of glycan polymers (Fig.  4A) 
(11). 192
We detected no differences in the relative abundance of trimers between swarmer and 193 vegetative cells of P. mirabilis (Fig.  4A) . The increase in anhydrous---containing 194 saccharides that we observed in P. mirabilis swarmer cells was correlated with a 195 decrease in polysaccharide length ( Fig.  4B ; the values plotted reflect the number of 196
MurNAc---GlcNAc dimers). A similar increase in anhydrous---containing saccharides and 197
decreased length of polysaccharides occurred in V. parahaemolyticus swarmer cells (Fig.  198 4A, B). We found no change in cross---linking density between vegetative and swarmer 199 cells of either P. mirabilis or V. parahaemolyticus (Fig.  4C) .
201
Swarmer cells have a reduced PG thickness and display membrane defects. Changes 202 in the thickness of the PG layer and structure of the cell envelope may also explain the 203 observed decrease in swarmer cell stiffness. To identify changes in PG thickness of 204 swarmer cells, we isolated the intact layer of PG (i.e., sacculi) from P. mirabilis 205 vegetative and swarmer cells and measured the thickness of dried sacculi using 206 tapping---mode atomic force microscopy (AFM) (Fig.  5A) . Differences in the nanoscopic 207 appearance of the sacculi of different cells were not observed by AFM (Fig.  S7) . The 208 thickness of isolated, dry P. mirabilis swarmer cell sacculi (1.0 ± 0.2 nm) was reduced 209 ~1
.5---fold compared to vegetative cells (1.5 ± 0.2 nm) (Fig.  5A ). V. parahaemolyticus 210 swarmer cells (0.6 ± 0.1 nm) exhibited a similar ~1.2---fold decrease in thickness 211 compared to vegetative cells (0.8 ± 0.2 nm). Earlier AFM measurements of isolated 212 sacculi indicated that dehydration reduced the thickness of Escherichia coli PG by ~2x, 213 which we used to estimate the dimensions of hydrated PG from P. mirabilis (3.1 and 2.1 214 nm for vegetative and swarmer cells, respectively) and V. parahaemolyticus (1.7 and 1.4 215 nm, respectively) (23). A comparison of PG thickness and cell bending rigidity 216 suggested that the relationship between these data is approximately exponential 217 (R 2 =0.9874) (Fig.  5B) . 218
A caveat with conversions between dried and hydrated values is that they will 219 be most accurate for PG that best mimics the structure and composition (e.g., 220
crosslinking and polysaccharide composition) of the reference material: E. coli PG. 221
Alterations in the polysaccharide length of PG from P. mirabilis and V. parahaemolyticus 222 may be more elastic and stretch out during drying, thereby appearing to have a 223 thickness that is reduced compared to E. coli PG. Our control measurements on isolated, 224 dry E. coli sacculi yielded a thickness of 2.0 nm, which varies from the value of 3.0 nm 225 published by Yao et al. using the same technique (23). A difference of ~30% between 226 these E. coli measurements may arise for several reasons, including: variations in 227 physical conditions that can impact AFM measurements, improvement in the resolution 228 of AFMs, and/or the precision of fitting force curves. 229
The relatively low variability in the values we measured for isolated sacculi from 230
P. mirabilis and V. parahaemolyticus cells (~16---25%) demonstrated a consistent reduction 231
in PG thickness for swarmer cells, suggesting that our measurements are sufficient for 232 comparing PG from vegetative and swarming cells, and demonstrating a connection 233 between PG and changes in cell mechanics. In contrast, the variability in AFM 234 measurements and analysis makes us less comfortable comparing absolute values of PG 235 thickness to those reported for bacteria in other papers. 236 To complement AFM measurements, we sought to measure the thickness of 237 native PG using electron cryotomography (ECT) on intact vegetative and swarmer cells 238 (Figs.  5C,D,  S8,  and  S9) . Although we were unable to resolve the thickness of native PG, 239 sub---tomogram---averaged ECT volumes of the P. mirabilis cell wall (Fig.  5C) (Figs.  5C,D) . P. mirabilis vegetative cells had a characteristically 242 smooth membrane (Fig.  S8A,B) that was similar to the presentation of the membrane 243 found along the lateral, cylindrical walls of swarmer cells (Fig.  S8C,D) . In contrast, the 244 polar regions of both P. mirabilis and V. parahaemolyticus swarmer cells had an 245 undulating outer membrane suggestive of an altered structure (Fig.  S8E,F  and  S9D---F) , 246 and V. parahaemolyticus cells had significant defects in their cell---envelope, including, 247 membrane budding, vesicle formation, and ruptured cell walls (Fig.  S9D---F) . pressure, which will cause cells to shrink cells (in H2O) and swell (in a NaCl solution) 254 (Fig.  S10) . We filamented P. mirabilis, V. parahaemolyticus, and control E. coli cells using 255
aztreonam to create a range of cell lengths that matched the lengths of P. mirabilis and V. 256
parahaemolyticus swarmer cells. We expected that low values of bending rigidity and 257
compositional and structural changes in PG would cause swarmer cells to elongate in 258 response to changes in osmotic pressure (in comparison to filamented, vegetative cells). 259
We found that P. mirabilis and V. parahaemolyticus swarmer cell extension in response to 260 osmotic shock was significantly larger than filamented, vegetative cells (Fig.  6) . To 261 circumvent the cellular production of osmolytes to protect cells from large changes in 262 osmotic pressure during shock (typically produced within 1 min) (24), we used a 263 microfluidic device to rapidly switch between H2O and a NaCl solution and measured 264 changes in cell length before cells adapted (Fig.  S10) . 265
Osmotic shifts produced small changes in the length (Fig.  6A)  and  width  (Fig.  6B ) 266 of vegetative filamented P. mirabilis cells compared to E. coli cells (Figs.  6A,B) . In 267 contrast, V. parahaemolyticus vegetative cells substantially increased in cell length (Fig.  268 6C) compared to E. coli cells, with no observable change in cell width (Fig.  6D) . In 269 response to osmotic upshifts (i.e., transitioning from H2O to NaCl), P. mirabilis and V. survival in the presence of penicillin G were similar to the use of cephelexin (Fig.  7A) . 297
We characterized dead cells using microscopy to measure membrane blebbing, cell 298 lysis, and changes in the refractive index of cells. 299
Cell wall---targeting antibiotics are most effective against actively growing cells 300 (28, 29) and therefore increases in growth rate will reduce cell survival. To determine 301 whether a growth rate phenotype explains our observations, we normalized data for 302 cell length, and were unable to detect a change in the growth rate of swarmer cells 303 when they were treated with these two antibiotics (Fig.  S13) . We measured the mean 304 survival time of cells (the amount of time elapsed after treatment with drugs before cell 305 death) for P. mirabilis and V. parahaemolyticus swarmer cells treated with cephalexin and 306 penicillin G (Fig.  7B) and found that the survival time for these swarmer cells was lower 307 than that for vegetative cells (Fig.  7B) , which is consistent with alterations in the PG. 308 309
Discussion 310
P. mirabilis is commonly associated with complicated urinary tract infections and 311
increased mortality in cases of bacteremia (30). Swarming is hypothesized to enable P. 
Materials and Methods 327
Bacterial strains and cell culture. P. mirabilis strain HI4320, V. parahaemolyticus LM5674, 328
Escherichia coli MG1655 (CGSC #6300), and plasmids pflhDC (10) and psulA(18) were 329
used for experiments used in this paper. P. mirabilis was grown in PLB nutrient medium 330 consisting of 1% peptone (weight/volume), 0.5% yeast extract (w/v), and 1% NaCl (w/v). 331
V. parahaemolyticus was grown in nutrient medium (HI medium) consisting of 2.5% 332
heart infusion (w/v) and 2.5% NaCl (w/v). E. coli was grown in lysogeny broth (LB) 333 
